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Magnetization measurements under direct electric currents were performed for toroidal magnetic ordered state of
UNi4B to test a recent theoretical prediction of current-induced magnetization in a metallic system lacking local in-
version symmetry. We found that each of the electric currents parallel to [21¯1¯0] and [0001] in the hexagonal 4-index
notation induces uniform magnetization in the direction of [011¯0]. The observed behavior of the induced magnetization
is essentially consistent with the theoretical prediction; however it also shows an inconsistency suggesting that the anti-
ferromagnetic state of UNi4B could not simply be regarded as a uniform toroidal order in the ideal honeycomb layered
structure.
The behavior of solids without space-inversion symmetry
is one of the most attractive topics in the modern condensed
matter physics in the last 50 years, since they show interest-
ing phenomena such as a variety of magnetoelectric (ME) ef-
fects1–3) and parity-mixed superconductivity.4) The intensive
studies in the last decade have revealed that an antisymmetric
spin-orbit coupling, which becomes active by space-inversion
symmetry breaking, plays a relevant role in these phenom-
ena.5–9) Furthermore, the very recent theoretical and experi-
mental studies have revealed that the various ME effects can
be better understood and categorized on the basis of spatially
extended odd-parity multipoles, refered to as cluster or itiner-
ant multipoles.10–12)
A toroidal moment is the lowest-rank term of toroidal mul-
tipole tensors which appear in the multipolar expansion of an
electromagnetic vector potential.13) It can be active in the sys-
tem without local space-inversion symmetry on the relevant
ion sites. In a spin ordered system, the toroidal moment t is
defined as the summation of the vector products of position
vector rl and spin Sl for magnetic sites l: t =
gµB
2
∑
l rl × Sl.
The summation is taken over appropriate magnetic basis. In
a system where toroidal moments order with a ferroic com-
ponent, both time-reversal and global space-inversion sym-
metries are broken, and thus macroscopic ME effects can be
expected to occur. For example, ME properties seen in high
magnetic fields in a traditional multiferroic system Cr2O314)
and a novel nonreciprocal directional dichroism observed re-
cently in LiCoPO415) are described on the basis of the con-
cept of toroidal order. The toroidal moment has so far been
discussed mainly in insulating systems, where rl corresponds
to an electric dipole (electric polarization), and the presence
of t in a system can easily be recognized.
Recently, Hayami et al. have theoretically investigated pos-
sible toroidal ordering in a metallic system with broken local-
inversion symmetry at magnetic-ion sites.16) They predicted
that exotic magnetotransport and ME effects can occur under
the toroidal order. Specifically, they performed a mean-field
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analysis for a single-band model on a layered honeycomb
structure formed by one type of magnetic ion, and show that
a ground state with the occurrence of spontaneous toroidal-
ization T (mean toroidal moment per unit volume) perpendic-
ular to the layer planes is stabilized. The most notable con-
sequence in the theory will be the prediction of two types of
ME response: one is net T induced by an electric current per-
pendicular to the planes, which occurs even in paramagnetic
state, and the other is a uniform transverse magnetization in-
duced by an electric current along the planes. Interestingly,
they pointed out that an antiferromagnetic (AF) ordered state
in UNi4B corresponds to the ferroic toroidal order on a hon-
eycomb structure, and thus may show the expected ME re-
sponses. In the present study, we have tested these theoreti-
cal predictions by measuring static magnetization of UNi4B
under applied electric currents. Note that the phenomenon of
current-induced magnetization itself has quite recently been
observed in a semiconductor, tellurium, even in the absence
of any magnetic ordering.17)
It is currently considered that UNi4B crystallizes in the
orthorhombic structure with the symmetry Cmcm (No. 63,
D2h17). Lattice parameters a, b, and c are 6.968 Å, 17.1377
Å, and 14.8882 Å, respectively.18) Once it had been reported
to be the CeCo4B-type hexagonal structure,19) whereas recent
high resolution18) and synchrotron X-ray20) studies revealed
that the crystal has an orthorhombic structure which is formed
by distorting the hexagonal structure and assigning different
site occupation of Ni and B. Figure 1 shows schematic il-
lustration of hexagonal (0001) plane and magnetic structure.
The correspondence between the two crystal structures in the
orthorhombic a plane (the hexagonal (0001) plane) are also
displayed. As can be seen from the fact that estimated ra-
tio c/b ∼ 0.8687 is very close to the hexagonal value
√
3/2
(∼ 0.8660), the distortion of a triangular lattice is so small
that we could not distinguish between the b and c directions
from the laboratory-based X-ray analysis. Thus we use, here-
after, the hexagonal notation to describe the crystal directions
and planes for simplicity. Note that the actual U sites in or-
thorhombic structure are not located on the space-inversion
center.
Neutron scattering studies show that UNi4B exhibits an AF
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Fig. 1. (Color online) Schematic view of the reported crystal and magnetic
structures of UNi4B.18–21) Blue thick arrows indicate ordered magnetic mo-
ments of uranium ions (larger bullets) below TN.19) A parallelogram (drawn
with dotted lines) and hexagon (thick solid lines) denote an AF unit cell and
a magnetic basis corresponding to a toroidal moment t. Black (Gray) thin
arrows indicate the crystal axes in the hexagonal (orthorhombic) notation,
respectively. A rectangle (dash-dotted lines) corresponds to an orthorhom-
bic unit cell in the a plane. Ni and B occupy sites denoted by green bullets
while reflecting each crystallographic symmetry, which have not been fully
identified yet.
order at TN = 20.4 K, where only 2/3 of U ions participate the
ordering. The ordered magnetic moments lie in (0001) plane,
forming a periodic array of vortex-like magnetic clusters in
the shape of a hexagon (see Fig. 1).21) This magnetic cluster
is equivalent to the definition of a toroidal moment. Thus, we
can describe the AF state of UNi4B below TN as ferroic order
of spontaneous toroidal moments pointing to [0001], if the
reported magnetic structure is correct. It is also reported that
UNi4B shows another phase transition at T∗ = 0.3 K, where
magnetic moments of the remaining 1/3 of U ions may order
antiferromagnetically.22)
In the present work, the DC magnetization was measured
using a commercial SQUIDmagnetometer (MPMS, Quantum
Design Inc.) in the temperature range from 5 – 50 K under
magnetic field up to 30 G. A single-crystalline sample was
grown by the Czochralski method using a tri-arc furnace, and
confirmed to be a single phase from powder X-ray diffraction.
No further heat treatment was performed. The crystal was cut
into rectangular parallelpiped shape with typical dimensions
of ∼ 1.8 × 2.4 × 0.2 mm3 using spark erosion.
In order to apply electric currents and check the electrical
resistivity, four copper wires with a diameter of 0.026 mm
were introduced from the top of a sample probe intended for
the DC-mode magnetization measurements. The four wires
were attached to the edges of the longer side of the samples
Table I. Summary of measurement conditions. Sample dimensions are
stated in the order of the directions [21¯1¯0], [011¯0], and [0001]. B, I and i
are applied magnetic field, electric current and electric current density, re-
spectively.
Sample
Dimensions (mm3) Orientation B (G) i (kA/m2)
2.4 × 1.8 × 0.2 I || [21¯1¯0], 30 0, ±27.8, ±41.7,
B || [011¯0] ±55.6, ±69.4
-5 0, ±55.6
0.2 × 2.4 × 3.1 I || [0001], 30 0, 20.8, 41.7
B || [011¯0] 1 0, ±41.7
Fig. 2. (Color online) (a) Raw SQUID voltage Vraw and (b) its relative vari-
ations ∆Vraw from the 30 K data versus position x. Solid curves indicate re-
sults of best fitting with the standard formula23) for the fitting range 2.7 < x <
6.0 cm.
using conductive silver paste. The electric currents were ap-
plied using the DC current source, Model 6220 (Keithley In-
struments Inc.).
The measurements were performed in the conditions of the
electric currents I parallel to [21¯1¯0] and [0001], which are
expected to correspond to the directions perpendicular and
parallel to T, respectively. Two voltage terminals were used
for checking I flowing through the samples. All the mea-
surements were performed in the conditions of cooling under
magnetic field B (field cooling, FC) and a direct current (cur-
rent cooling, CC). Measurement conditions are summarized
in Table I.
Figure 2(a) shows an example of raw voltage signals V
scaled by experimental factors as a function of position x. The
data are obtained by sweeping a sample through a second-
derivative gradiometer (a set of pick-up coils) of the SQUID
magnetometer, with applying B of 30 G and I of 20 mA to the
sample. This value of I corresponds to the magnitude of elec-
tric current density, i = 55.6 kA/m2. In the standard measure-
ments, the waveforms of V(x) become symmetric, while those
obtained under I are obviously not. This is mainly due to the
additional magnetic flux generated by I flowing through the
sample and leads. We assume that this background signal is
independent of temperature, and subtract the V0(x) data taken
at 30 K in the paramagnetic state from other temperature data
for each B-I condition. The results of such a subtraction pro-
cedure for the data profile in Fig. 2(a) are given in Fig. 2(b).
The obtained relative variations of the output voltage,
∆V(x) = V(x) − V0(x), are still slightly asymmetric, showing
a distortion from the standard formula in the position range
below ∼ 2.5 cm. This indicates that there is some unknown
weak background that depends on temperature and cannot be
subtracted only by using the data at 30 K. Therefore, we use
the ∆V(x) waveforms in the range 2.7 < x < 6.0 cm for eval-
uating the magnetization M in the present analyses. The solid
curves in Fig. 2(b) indicate the results of the best fitting ob-
tained by using the standard formula for V(x). All the data of
2
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Fig. 3. (Color online) Temperature dependence of (a) magnetization M,
(b) current induced part of magnetization ∆M, and contributions of (c) ME
effects ∆MME and (d) Joule heating ∆MH for various magnitudes of electric
current density i (|| [21¯1¯0]). The inset of (a) shows ∆M versus i (|| [21¯1¯0]) for
T = 6 K. The red line is the result of linear regression.
M presented below were obtained in the same manner. Note
that M obtained by this procedure is the relative change from
that at 30 K.
Figure 3(a) shows the temperature dependence of M mea-
sured at 30 G in the direction of [011¯0] for i = 0,±27.8,±41.7,
±55.6, and ±69.4 kA/m2 applied along [21¯1¯0]. We found that
negative (positive) electric currents parallel to [21¯1¯0] cause
positive (negative) changes of M in the direction of [011¯0] be-
low around TN, respectively. By subtracting the data at 0 mA
from those obtained under I, the net component of magnetiza-
tion, ∆M, induced by I is obtained as shown in Fig. 3(b). ∆M
is almost constant (nearly zero) in the paramagnetic state for
all the i values, while the absolute magnitude of ∆M increases
significantly as the temperature is lowered below TN.
The inset of Fig. 3(a) shows the values of ∆M for I || [211¯0]
at 6 K and 30 G as a function of i. It is obvious that ∆M is in
proportion to i within the experimental accuracy. The rate of
increase d(∆M)/di is estimated to be ∼ 9.4 × 10−11 µBm2/(A ·
U). We would like to emphasize again that the sign of ∆M is
altered by reversing the direction of I. Since the theory pre-
dicts that ∆M occurs essentially in zero magnetic field,16) we
performed the same measurements at around zero magnetic
field. Figure 4 shows the data of M taken in the same B-I ge-
Fig. 4. (Color online) M and ∆M (the inset) versus T for i = ± 55.6 kA/m2
(|| [21¯1¯0]) and B = -5 G (|| [011¯0]).
ometry for i = 0 and ±55.6 kA/m2 at a weaker field of −5
G, which is a remanent field of the MPMS superconducting
magnet in this run. We observed that the obtained ∆M shows
essentially the same behavior as that for B = 30 G (the inset
of Fig. 4). The |∆M| value at ∼ 6 K for i = ±55.6 kA/m2 is
estimated to be ∼ 7 × 10−6µB/U, which is almost the same
magnitude as that for B = 30 G. The observed phenomenon is
thus independent of the magnitude and the sign of B, consis-
tent with the theoretical prediction.
As seen in Fig. 3(b), all the ∆M curves are weakly wind-
ing in the temperature range 11 – 18 K. This behavior comes
mainly from an extrinsic effect, ∆MH(I2), caused by Joule
heating on the sample, together with a strong temperature
variation of M in this temperature range. The intrinsic con-
tribution from the ME effects, ∆MME(I), can be estimated as
follows: ∆M should be described as
∆M± = ±∆MME(I) + ∆MH(I2) ± ∆MC(I) (1)
(double-sign corresponds), where ∆M+ and ∆M− indicate ∆M
measured for I > 0 and I < 0, respectively, and ∆MC(I) de-
notes a residual contribution from magnetic flux generated by
the introduced electric circuit, which can be negligible since
this effect has already been subtracted during the fitting se-
quence of raw SQUID signal as mentioned. Thus, ∆MME and
∆MH can be calculated, respectively, as ∆MME ∼ (∆M+ −
∆M−)/2 and ∆MH ∼ (∆M+ + ∆M−)/2, as shown in Figs. 3(c)
and 3(d), respectively. The analysis results may reveal the in-
trinsic behavior of ∆MME and represent a significance of the
heating effect around 13 K.
One might think that the assumption of ∆MC ∼ 0 is inappro-
priate; i.e., the contribution of a current loop cannot fully be
eliminated by the subtraction of 30 K data. Since the present
measurements were performed under the constant I, such an
effect should be independent of a change in the electrical re-
sistivity of the circuit composed of the sample and the Cu
wires. The only possible cause would be a change in the shape
of the circuit due to thermal expansion. However, a relative
change in the sample length below 50 K is negligibly small
(∼ 10−6 K−1),24) and thermal expansion of the Cu wires does
not explain the fact that a significant change in ∆M occurs at
TN.
We would also like to mention a possible surface effect.
Since the Rashba-type antisymmetric spin-orbit coupling is
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always active on the surface of a metal, the observed ME
phenomenon might be ascribed to a property of the surface
states. To test this possibility, we repeated the measurements
using the same sample piece after oxidizing the surface in
the air; the oxide thickness was estimated to be ∼ 0.03 mm
by comparing the sample thickness before and after etching.
Since the sequence of interfaces changes from metal-vacuum
to metal-oxide-vacuum, the oxidization of the surface should
affect the strength of the spin-orbit coupling, resulting in a
change in the ME effects. However, we observed no signifi-
cant difference in the behavior of ∆M between the measure-
ments with oxidized and non-oxidized surfaces. We therefore
naively suggest that the observed current-induced magnetiza-
tion in UNi4B is not simply attributed to the surface effect. On
the basis of these experimental results and consideration, we
conclude that the change observed in ∆M parallel to [011¯0]
below TN is intrinsic to the application of I along the [21¯1¯0]
direction. This is consistent with the theoretical prediction
that uniform M can be induced in the direction of T × I.
Figure 5(a) shows the experimental results obtained in the
different geometry: M || [011¯0] under I || [0001] at B = 30 G.
Obviously, M(T ) is enhanced or suppressed below and near
TN by applying I in positive or negative directions, respec-
tively. The obtained ∆M stays nearly constant in the para-
magnetic state, while changes as the temperature is lowered
below TN (the inset of Fig. 5(a)), roughly in proportion to i.
The winding feature with a shallow minimum at ∼ 13 K of
∆M is considered to be due to the Joule-heating effects on the
sample, as mentioned above.
Figure 5(b) shows the experimental results obtained in the
same B-I geometry at a weaker B of ∼ 1 G (again, the rema-
nent field in this run). The reduction of B makes the tempera-
ture variation of ∆M clearer, obscuring the heating-up effects.
The absolute magnitude of ∆M at 6 K and ±41.7 kA/m2 is
estimated to be about 5 × 10−6µB/U, which is slightly smaller
Fig. 5. (Color online) M and ∆M (the insets) versus T (a) for i = ± 20.8
and ± 41.7 kA/m2 (|| [0001]) and B = 30 G (|| [011¯0]), and (b) for i = ± 41.7
kA/m2 (|| [0001]) and B ∼ 1 G (|| [011¯0])
than that for M || [011¯0] and I || [21¯1¯0].
According to the theory proposed by Hayami et al.,16) I ||
[0001] of UNi4B may induce the change of toroidalization,
as follows. Below TN, the ferroic order of t should form two
domains with T || [0001] or [0001¯]. In each domain of T ||
+ I or − I, T will be enhanced or suppressed with I, where
microscopically the ordered magnetic moments are enlarged
or reduced, respectively. In addition, the electric currents I ||
[0001] ([0001¯]) may flip the magnetic moments in the domain
with T || [0001¯] ([0001]), and thus change the volume frac-
tion of two domains. Such changes in magnetic moments are
expected to be detected as a change in M in magnetic fields
applied in the basal (0001) plane, if two domains have differ-
ent volumes. Moreover, the theory predicts that I induces T
even in the paramagnetic state, which will suppress M, inde-
pendently of the direction of I. In the present measurements
for I || [0001], however, ∆M is observed only below TN and
its magnitude is almost independent of B. This behavior is
significantly different from the theoretical prediction.
One reason of the above inconsistency could be a path that I
flow through in a sample. In the measurements for I || [0001],
we used a sample piece which has a rectangular parallelpiped
shape with a width of ∼ 2.4 mm and a thickness of 0.2 mm
perpendicular to the current flow direction. Therefore, the cur-
rents that flow through the sample may have a component in
the basal (0001) plane, which could result in the ∆M as we
observed for I || [21¯1¯0]. In order to check this possibility, it
is necessary to repeat the measurements using a sample with
different dimensions. Our preliminary repeated trials, how-
ever, show no significant change in the behavior of ∆M thus
far. We should note that the current path also depends on the
anisotropy of the electrical resistivity ρ in general. The ρ of
UNi4B for I || [21¯1¯0] is several times larger than that for I ||
[0001].19) Therefore, from the viewpoint of anisotropy in ρ,
the deviation of current flow from the [0001] direction will be
unfavorable.
Another, more likely reason is derived from the ambigu-
ity of the crystal and magnetic structures of the present sys-
tem. Mentink et al. proposed vortex-like magnetic structure
below TN on the basis of their neutron diffraction measure-
ments.19) However, the analysis they made is based on the
hexagonal CeCo4B-type crystal structure, and the best fitting
obtained among a few hundred candidates still has a large re-
liability factor R = 11.8%. In addition, if the crystal struc-
ture is orthorhombic, Cmcm,18, 20) the arrangement of Ni and
B atoms surrounding U atoms differs largely from that in the
hexagonal structure: the former has four inequivalent crystal-
lographic U sites in a U-Ni-B layer, while the latter has two U
sites forming U-Ni and U-B layer. The four U sites in the or-
thorhombic structure do not have the inversion symmetry, and
thus may produce local toroidal moments which are different
both in direction and magnitude at each U site. On the other
hand, the theory assumes that an odd-parity crystalline elec-
tric field exists along radial direction from the center to the
vertices of alternate uranium hexagons, and local toroidal mo-
ments emerge identically on each vertex. This inconsistency
between the theory and the present experimental results thus
implies that the crystal and magnetic structures differ from
those discussed so far.
In summary, we performed magnetization measurements
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under electric currents in the AF uranium compound UNi4B.
We have revealed that the application of electric currents par-
allel to [21¯1¯0] and [0001] both induces static magnetization of
the order of 10−10µB/U per unit current density, in the direc-
tion of [011¯0] below TN. The observation is consistent with
the recent theoretical predictions, in the sense that the ME
effects may actually occur in a metallic system with broken
local-inversion symmetry. However, we have also observed a
crucial inconsistency that ∆M is induced by the current flow
I || [0001], which is an inactive geometry, I || T, regarding
the ME effects. In order to gain a better understanding of the
origin of the observed phenomena, we need to complete the
identification of crystal and magnetic structures of this sys-
tem. Theoretical verification of the observedmagnitude of the
ME effects will also be a crucial issue for future studies.
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